Background and Purpose Studies showing efficacy with free radical scavengers have been conflicting, and when protection was demonstrated it was attributed to action at the level of the vascular endothelium. The purpose of this study was to test the hypotheses that neuronal free radical formation plays a role in the ischemic cascade and occurs intracellularly and that free radical scavengers, if taken up intracellularly, will protect against hypoxic damage.
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Background and Purpose Studies showing efficacy with free radical scavengers have been conflicting, and when protection was demonstrated it was attributed to action at the level of the vascular endothelium. The purpose of this study was to test the hypotheses that neuronal free radical formation plays a role in the ischemic cascade and occurs intracellularly and that free radical scavengers, if taken up intracellularly, will protect against hypoxic damage.
Methods A tissue culture model of hypoxia followed by restoration of oxygen was employed, using both superior cervical ganglia and hippocampal neurons. Cells were exposed to an anoxic atmosphere of 95% N 2 and 5% CO 2 and examined 2 to 24 hours later after restoration of oxygen. Determination of survival was measured by trypan blue exclusion. Nitroblue tetrazolium stain was used to assess free radical formation.
Results Pretreatment with free superoxide dismutase did not decrease cell death after hypoxia as measured by trypan T he pathophysiology of cerebral ischemia is complicated and multifactorial. The most common cause of ischemia is occlusive cerebrovascular disease. Consequently, most laboratory studies in this area have relied primarily on animal models in which cerebral blood flow is compromised either focally or globally. 12 However, such models do not separate the two major components of ischemia, hypoxia and substrate deprivation, which complicates examination of mechanisms underlying cell death. In addition, the contribution of toxic metabolic products and the inability to remove these products (such as lactic acid) further complicate these models. We therefore have used a tissue culture model that allows selective manipulation of starvation and hypoxia and greatly reduces the extracellular accumulation of these products because of the large ratio of solution to tissue volume. This model also allows investigation of the influence of both hypoxia and substrate deprivation after restoration of normal conditions, a model of the effects of "reperfusion." Although ischemia of sufficient severity and duration will lead to irreversible cell death, shorter periods of ischemia followed by reperfusion will also lead to neuronal cell death. This occurs clinically in cases of global cerebral ischemia (eg, cardiac arrest) as well as corn-blue exclusion. However, when superoxide dismutase was taken up intracellularly under depolarizing conditions (55 mmol/L KC1 in the medium), cell death was decreased significantly compared with hypoxic controls (28.7±4.34 versus 40.3±4.33; P<.03). During hypoxia neurons reduced nitroblue tetrazolium to form the blue precipitate formazan, and the color change was blocked in neurons pretreated with superoxide dismutase in depolarizing medium. Similar findings occurred in both superior cervical ganglia and hippocampal neurons.
Conclusions These findings provide evidence to support the role of neuronal free radical formation in cell death secondary to hypoxia. plete focal ischemia (lysis of clotting or opening of collateral circulation).
We were interested in using this model to study the role of free radicals in ischemia. Free radicals have been implicated in the pathogenesis of various disease states, including most recently amyotrophic lateral sclerosis. 3 Free radicals are compounds with an unpaired electron in their outer electron shell. They are highly reactive in biologic systems and capable of enduring long polymerization reactions and lipid peroxidation, which, if uncontrolled, are rapidly lethal to cells. 45 In ischemia there are many potential sources of free radicals. 67 It follows that if oxidation damage is a determinant of ischemia, then antioxidants and scavengers of oxygen free radicals should ameliorate ischemic cell damage. Prophylactic treatment with these agents has been shown to protect brain from the deleterious effect of free radical-induced lipid peroxidation, 8 prevent injury after arterial occlusion in experimental animals, 9 and protect against concussive injury.
10 Clinical trials of antioxidants and free radical scavengers are presently under way for head trauma and stroke. 11 In most studies of free radical scavengers in cerebral ischemia protection has been attributed mainly to action at the level of the vascular endothelium; it has been unclear whether free radicals were generated in dying neurons as well. Studies examining other organ systems, such as heart/kidney and small intestine, have shown that free radical-induced damage may play a role in ischemic injury to these organs. 12 It is possible that free radicals may be generated at both of these levels.
A more specific approach for preventing damage from free radicals might be the use of superoxide dismutase (SOD), a highly reactive enzyme that deactivates single oxygen/superoxide. SOD has been shown to have a protective action in pathologies in which superoxide is involved. 13 Although SOD may be phagocytosed by vascular endothelial cells, it is believed to be impermeable to the cell plasma membrane because of its negative charge. More recently the problem of permeability has been circumvented by the use of polyethylene glycol SOD 14 or entirely new agents such as U74006F and Y4231617. 15 The protective effects of GM1 ganglioside may be through its ability to increase the capacity of ischemic tissue to protect against oxyradical injury.
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It is not clear whether the lack of oxygen, the lack of substrate, or both induce metabolic changes that could lead to free radical generation. Previous work from this laboratory has demonstrated that neurons maintained in culture are sensitive to brief periods of starvation without hypoxia and that free radicals are produced under these conditions. 17 The present study was undertaken to investigate the possible role of free radical generation in a neuronal tissue culture model of hypoxia followed by restoration of oxygen. In addition, we examined the ability of SOD to ameliorate neuronal cell death in this model.
Materials and Methods Tissue Culture

Sympathetic Neurons
Superior cervical ganglia (SCG) of neonatal Sprague-Dawley rats were enzymatically dissociated within 12 hours after birth and plated on collagen-coated culture dishes as previously described. 18 Cells were grown in a medium consisting of Ham's nutrient mixture F-12 (Gibco), penicillin (50 U/mL), streptomycin (50 fig/mh ), nerve growth factor (100 ng/mL), and 10% fetal calf serum. Cultures were maintained at 37°C in 95% air/5% CO 2 at nearly 100% relative humidity. Nonneuronal cells were eliminated by treatment with /3-D-arabinofuranosylcytosine (cytosine arabinoside, 5 jumol/L) for 24 hours on days 2 and 4 of culture. Cell density ranged from 7000 to 11 000 neurons per 35 -mmdiameter dish with 1.5 mL of medium. The culture medium was replaced three times a week. Cultures were used at 3 to 4 weeks.
Hippocampal Neurons
The hippocampus was dissected from fetal Sprague-Dawley rats at 18 days' gestation. The cells were enzymatically dissociated and plated in Eagle's minimal essential medium (at approximately 2.8 xlO 5 cells per dish) supplemented with 10% fetal calf serum. Cultures were maintained at 37°C in 95% air/5% CO 2 at nearly 100% relative humidity. Nonneuronal cells were eliminated by treatment with /3-D-arabinofuranosylactosine (cytosine arabinoside, 5 jimol/L) for 24 hours on day 4. Cultures were used at 10 to 14 days.
Hypoxia
Cells were made hypoxic using minor modification of techniques described by Rothman. 19 ' 20 Cells were maintained in the above medium throughout the experiment, but they were exposed to an anoxic atmosphere of 95% N 2 /5% CO 2 . Methylene blue, placed in a separate tissue culture dish, was used as a chemical indicator to ensure adequate anoxia. A commercially available incubator chamber specifically designed for this purpose was used (Billups-Rothenberg). Dishes filled with water were placed in the chamber to maintain humidity as close to 100% as possible. Before choosing a specific duration of hypoxia, different durations were tested (0 to 48 hours), and that period required to cause approximately 30% to 40% mortality was chosen. After the hypoxic period, restoration of 95% air/5% CO 2 for 2 hours for SCG neurons and for 24 hours for hippocampal neurons was used to simulate reperfusion.
Determination of Survival
After restoration of oxygen for approximately 2 hours for SCG neurons and 24 hours for hippocampal neurons, survival was evaluated by trypan blue exclusion. Cells were bathed for 10 minutes with culture medium containing 0.5% trypan in a 95% air/5% CO 2 atmosphere. Then excess dye was washed out with culture medium, and fractionated cell death was determined as the fraction of (stained cells)/(stained+unstained cells). The total number of cells examined per dish ranged from 700 to 900; fields scanned were chosen at random. Each culture dish represents a determination of n = l .
Nitroblue Tetrazolium
Nitroblue tetrazolium (NBT; Sigma) was used. Reduction of NBT by oxygen (or other univalent reductant) yields an insoluble formazan. Before the hypoxic period neurons were treated with 0.5 mmol/L NBT at pH 7.4 in culture medium. After the hypoxic period the cells were scraped and along with the medium were measured spectrophotometrically at a wave length of 514 nmol/L.
Superoxide Dismutase Administration and Depolarizing Conditions
In dishes pretreated with SOD, human recombinant SOD (Chiron) 4000 to 5000 U/mg was added to the medium to a final concentration of 2 mg/mL. In those dishes in which depolarizing conditions were used, KC1 (final concentration, 55 mmol/L) was added alone or immediately after SOD administration. Heat-inactivated SOD (10 minutes at 80°C) and bovine serum albumin were used as additional controls.
Statistical Analysis
Groups were compared with sister cultures using Student's t test or an ANOVA with a Bonferroni post hoc test when applicable.
Results
Neuronal Death by Hypoxia Superior Cervical Ganglia Neurons
Superior cervical ganglia neurons were relatively resistant to hypoxia. After 6 hours 8.8±2.37% were dead, after 24 hours 34.2±4.9% were dead, and by 48 hours 95.4±1.66% were dead as measured by trypan blue exclusion (Fig 1) neurons when survival was measured at 2 hours versus 24 hours after the restoration of oxygen.
Hippocampal Neurons
These central nervous system neurons were much more sensitive to hypoxia than the peripheral nervous system neurons. Periods of hypoxia as brief as 2 hours led to significant cell death, and after 4 hours there were no viable neurons observed. In addition, in these neurons a delayed dropout of cells occurred such that immediately after hypoxia the cells appeared no different than before hypoxia; significant cell death was not evident until 24 hours after restoration of oxygen. These findings are similar to results in both experimental animal models and humans.
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Protection by Superoxide Dismutase
In these sets of experiments SCG neurons were mainly used because they grow easily at low density, making quantitative assessment (cell counts) more reliable. In addition, there is a large time window for pharmacologic intervention. Pretreatment with free SOD had little effect on neuronal survival. Heat-inactivated SOD as well as bovine serum albumin had no effect on neuronal survival. However, when SOD was added under depolarizing conditions (55 mmol/L KCI) there was a significant reduction (39%) of neuronal death (P<.03; Student's t test). Depolarizing conditions alone showed a trend toward reduction in cell death (Fig 2) . A dose-response curve of SOD under depolarizing conditions showed no difference between 2 mg/mL versus 10 mg/mL in protecting neurons (Fig 3) .
In addition to improved cell survival, morphology was preserved when cells were pretreated with SOD under depolarizing conditions (Fig 4) both within the cell body and in the dendritic tree. Similar morphological findings also occurred in hippocampal neurons (Fig 5) . 
Reduction of Nitroblue Tetrazolium During Hypoxia
When NBT was added to the medium before hypoxia, striking coloration of the cells and media was seen in the treated hypoxic groups but less so in the SOD/KC1 group. When measured spectrophotometrically at a wavelength of 514 nmol/L, there was a significant reduction in the SOD/KC1 group compared with the untreated hypoxic group (Fig 6) . In contrast, groups treated with SOD alone showed no difference from the untreated hypoxic group. This finding suggests that free radical formation was occurring intracellularly and could only be reduced by pretreatment with SOD if it could be taken up intracellularly.
Discussion
Tissue culture models of stroke allow study of individual components of the complex pathophysiological events underlying the disorder. Thus, it is possible to separately examine the role of substrate deprivation versus hypoxia in neuronal dysfunction and death as well as study the effects of reperfusion. Furthermore, such models facilitate examination of the cellular processes mediating neuronal death. Although there is much evidence for free radical formation in vivo 23 ' 24 in this study, for example, it was possible to directly demonstrate the generation of short-lived free radicals in a nearly pure neuronal population subjected only to hypoxia. Similarly, much of our knowledge regarding glutamate toxicity and its potential role in stroke was derived from tissue culture studies. role in the pathophysiology of stroke. 5 ' 7 An earlier study from this laboratory indicated that brief periods of substrate deprivation are sufficient to generate cytotoxic free radicals. 17 The present study demonstrates that hypoxia alone also results in superoxide formation, leading to neuronal death. SCG neurons were more sensitive to starvation than to hypoxia, similar to neuroblastoma cells in culture. 27 Free radical formation was not directly demonstrated with the hippocampal neurons because the NBT was highly toxic to these cells. However, hippocampal neurons in culture required significantly shorter exposure to lead to cell death than did SCG neurons. This may be related to the lack of glutamate receptors on SCG neurons (D.M.R., J.K., J.A.K., unpublished data, 1992), and therefore the excitotoxic contribution to hypoxia of glutamate may be diminished in this model. Recently it has been hypothesized that a vicious cycle exists in which free radical formation and excitatory amino acid release affect each other in the generation and propagation of ischemic neuronal death. 28 Since the early report of Demopoulos, 29 the role of free radical formation in cerebral ischemia has been a much-debated issue. Recent advances in technology and the availability of more effective free radical scavengers have more firmly established the contribution of free radical pathology to the ischemic cascade. 30 The protective effect of such scavengers has been demonstrated in animal models of both transient global and focal ischemia. 23 - 24 However, the most convincing data are from reports that used prolonged periods of ischemia and those whose main target is the microvascula- ture (in particular the ability of free radical scavengers to reduce vasogenic edema formation). The data we report corroborate the role of free radical formation in neuronal death separate from its role in vasogenic edema and the protective effect of the free radical scavenger SOD.
Our study demonstrates that a cytotoxic agent(s) is generated by dying neurons in tissue culture subjected to hypoxia alone. Since NBT reduction was significantly reduced by uptake of SOD, this strongly suggests that NBT was reduced by O 2 or an electron donor derived from O 2~, implicating free radicals as the cytotoxic agent or one of the agents. SOD, which is membrane impermeable, was protective of SCG cells against hypoxia only when its cellular uptake was fostered by depolarizing conditions. Taken together, these data implicate a neuronal as well as a microvascular role in free radical formation, with the two working synergistically to lead to ischemic damage. Moreover, they implicate intracellular mechanisms because free SOD was ineffective as a protective agent. Dawson et al 31 have shown that extracellular SOD protects neurons from glycoprotein (gp) 120 acquired immunodeficiency syndrome (AIDS) coat protein without depolarization. It may be that in their model, the gp 120 AIDS coat protein enhances uptake of SOD. We have shown in our model using 125 I-labeled SOD that depolarization enhances uptake significantly. 17 It is also possible that SOD was acting extracellularly by preventing toxicity of NO to adjacent neurons. It is important that despite long periods of hypoxia, SOD was protective, suggesting a potential clinical role for these agents.
Depolarization with K + did not significantly protect against hypoxia in this model, although there was a trend in favor of this. In addition, there was a statistically significant decrease in NBT staining in the K + depolarization-treated cells. It is unclear how K + might be protective because, in light of the calcium hypothesis, 6 a deleterious effect might be expected. It is of interest that K + depolarization has been shown to ameliorate cell death in pathologies in which apoptosis ("programmed" cell death) plays a role. 32 If apoptosis is shown to play a role in hypoxic cell death (which is currently under study in our laboratory), this would suggest a new approach to our understanding of hypoxia and open new strategies to lessen neuronal damage secondary to this process. It may be the case that the delayed neuronal death seen both clinically and experimentally is secondary to this process and may explain the difference between the various subpopulations of neuronal susceptibility ("selective" vulnerability).
The exact molecular mechanism(s) of neuronal cell death secondary to ischemia is probably multifactorial, and its two major components (ie, hypoxia and substrate deprivation) each play a role. The data from this study strongly suggest that free radical formation is part of a complex web of events and that free radical scavengers may ameliorate these deleterious effects in ischemia and in clinical situations in which hypoxia is followed by restoration of oxygen, such as cardiac arrest or restitution of flow after focal ischemia.
